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and survival. Liming had very little or no effect on the species. The growth of yellow birch was slightly but
significantly greater when understory vegetation was controlled, particularly in medium and large gaps.
These results suggest that a variety of canopy gap sizes can provide the right combination of understory
conditions for regenerating these two functionally different tree species.
© 2010 Elsevier B.V. All rights reserved.
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Variation in soil fertility can influence sugar maple and yel-
low birch regeneration (McClure and Lee, 1993; Finzi and Canham,
2000; Bigelow and Canham, 2002; Gilbert and Lechowicz, 2004),
particularly in medium and large gaps (Canham et al., 1996; Ricard
et al., 2003). Sugar maple requires relatively high soil fertility, while
yellow birch requirements are less clearly defined (Cogliastro et
al., 1997; Anderson et al., 2001). Although sugar maple abundance
is associated with high Ca availability (Long et al., 1998; Arii and
Lechowicz, 2002; Bigelow and Canham, 2002), the effects of vari-
ation in soil exchangeable Ca and associated variation in soil pH
on the growth and survival of these two species are inconclusive
(Kobe et al., 1995, 2002; Long et al., 1998; Bigelow and Canham,
2002). Understory vegetation may also interfere with sugar maple
and yellow birch regeneration, and the effect may vary with gap
size. Light availability can be much diminished by a dense layer
of understory vegetation in gaps (Royo and Carson, 2006). Both
shade intolerant species, such as pin cherry (Prunus pensylvanica L.)
and raspberry (Rubus idaeus L.), and shade tolerant species, such as
beech (Fagus grandifolia Ehrh.) and striped maple (Acer pensylvan-
icum L.), interfere with regeneration of other temperate deciduous
species (Heitzman and Nyland, 1994; Ricard and Messier, 1996;
Beaudet et al., 2004; Nyland et al., 2006; Royo and Carson, 2006).
Although sugar maple has a high survival under shaded condi-
see front matter © 2010 Elsevier B.V. All rights reserved.
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Table 1
ANOVA results regarding the effects of species (S), gap size
(G), liming (L) and vegetation control (C) on understory veg-
etation cover in 2002. P values in bold indicate significant
effects.
Effects P value
Species (S) <0.001
Gap size (G) <0.001
Liming (L) 0.668
Vegetation control (C) <0.001
S × G 0.076
S × L 0.176
S × C 0.150
G × L 0.117
G × C 0.201
L × C 0.706
S × G × L 0.175
S
S
G
S
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ce
growth and
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survival, bu
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institute Inc
3. Results
3.1. Environ
The per
gap size (P
(18.3% ± 2.4
(13.8% ± 2.8
Understory
size and veg
above suga
it increased
in medium
unweeded
ability incr
vegetation
availability
Soil pH w
ments (P =
availability
P = 0.731; C
a significan
tation cont
with veget
significantly
11.0 ± 1.0
ight a
asa fu
sion
size i
ean soil nitrate availability (±1 SE) averaged from three locations during
ing season of 1999 as a function of gap size and vegetation control. Different
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nts.
ing from 7.2 ± 0.7g g−1 in small gaps to 8.6 ± 1.0g g−1 in
m gaps and 11.8 ± 1.5g g−1 in large gaps.
sponses of juvenile sugar maple and yellow birch
Density in 2002 (6th year post-harvest)
density of juvenile sugar maple was affected by gap size
Table 2
ANOVA results
availability in
Environmen
Light availab
Soil nitrate a
Soil magnes
Data of light av
availability we× G × C 0.398
× L × C 0.970
× L × C 0.672
× G × L × C 0.424
ta of understory vegetation cover were expressed in per-
ntage and were square root transformed (SQRT (x)).
survival were also conducted with four factors (includ-
. Four-way interactions were detected for growth and
t not for density. To facilitate interpretation, we chose
nd present results for each species separately. Statisti-
were carried out with JMP software, version 7.0 (SAS
., 2007).
mental conditions
centage area with disturbed forest floor varied with
= 0.001), with the greatest value in medium gaps
, mean ± 1 SE), an intermediate value in large gaps
), and the smallest value in small gaps (8.7% ± 1.7).
vegetation cover varied as a function of species, gap
etation control (Table 1). Vegetation cover was greater
r maple than above yellow birch (45% ± 2 vs. 31% ± 2);
with gap size from 25% ± 2 in small gaps to 33% ± 2
gaps and 59% ± 3 in large gaps; and it was greater in
than weeded plots (52% ± 3 vs. 24% ± 2). Light avail-
eased with gap size, but much more markedly when
was controlled (Table 2). Weeding augmented light
in all gap sizes, but particularly in large gaps (Fig. 1).
as only 4.2 on average, and did not vary among treat-
0.480), nor did ammonium, potassium, and calcium
Fig. 1. L
theplot,
transmis
each gap
Fig. 2. M
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lettersw
treatme
increas
mediu
3.2. Re
3.2.1.
The(NH4+: 5.4 ± 0.5g g−1, P = 0.678; K+: 15.3 ± 1.2g g−1,
a2+: 51.0 ± 3.9g g−1, P = 0.215). In the case of nitrate,
t interaction was found between gap size and vege-
rol (Table 2); nitrate availability increased markedly
ation control, but only in large gaps (Fig. 2). Liming
increased magnesium availability from 7.1 ± 0.7 to
g g−1, but availability also varied with gap size (Table 2),
and vegeta
gaps (10.4 ±
small and m
respectively
unweededp
sity of juve
vegetation
regarding the effects of gap size (G), liming (L) and vegetation control (C) on light availa
1999. P values in bold indicate significant effects.
tal variables G L C
ility <0.001 0.360 <0.001
vailability (NO3−) <0.001 0.219 0.046
ium availability (Mg2+) 0.009 <0.001 0.235
ailability were expressed in percent transmission of above canopy diffuse non-intercepta
re expressed in parts per million and were log transformed (log10 (x)).vailability (mean ± 1 SE) measured in 2002 at 1 m above the center of
nctionofgapsizeandvegetationcontrol. %DIFNstands for thepercent
of above canopy diffuse non-interceptance. Different letters within
ndicate significant differences among vegetation control treatments.tion control (Table 3). Sugar maple density in large
1.6 individuals m−2) was significantly lower than in
edium gaps (32.5 ± 3.4 and 29.9 ± 2.5 individuals m−2,
), and was significantly greater in weeded than
lots (29.5 ± 2.7 vs. 19.8 ± 2.1 individuals m−2). Theden-
nile yellow birch was affected by gap size, liming and
control (Table 3). Yellow birch density was signifi-
bility in 2002 at 1 m above-ground, and soil nitrate and magnesium
G × L G × C L × C G × L × C
0.886 0.002 0.072 0.669
0.807 0.002 0.334 0.305
0.721 0.350 0.762 0.621
nce, and were rank-transformed. Data of soil nitrate and magnesium
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Table 3
Tests of the effects of gap size (G), liming (L) and vegetation control (C) on sugar maple and yellow birch density, height growth and survival. ANOVAs were used to analyze
density and height growth data, and parametric regression to analyze survival data. P values in bold indicate significant effects.
Responses G L C G × L G × C L × C G × L × C
Density (2002)a
Sugar maple <0.001 0.092 <0.001 0.087 0.244 0.859 0.968
Yellow birch <0.001 <0.001 <0.001 0.114 0.642 0.088 0.772
Mean annual leader increment (2000–2002)b
Sugar maple <0.001 0.553 <0.001 0.998 <0.001 0.424 0.007
Yellow birch <0.001 0.388 <0.001 0.038 <0.001 0.560 0.130
Survival (1999–2002)c
Sugar maple <0.001 0.939 0.006 0.003 0.013 0.978 0.234
Yellow birch 0.009 0.108 <0.001 0.020 0.704 0.146 0.018
a Number of individuals/m2, SM: fourth root transformed ( 4
√
x); YB: cubic root transformed ( 3
√
x).
b cm, SM: log transformed (log10 (x + 4)); YB: log transformed (log10 (x + 20)).
c Censored data.
cantly lower in small gaps (1.1 ± 0.2 individuals m−2) compared
to medium and large gaps (3.4 ± 0.6 and 4.0 ± 0.6 individuals m−2,
respectively). Yellow birch density decreased from 3.6 ± 0.5 to
2.1 ± 0.4 individuals m−2 in unlimed versus limed plots. Vegetation
control increased density from 1.4 ± 0.2 to 4.3 ± 0.5 individuals m−2
in unweeded versus weeded plots, respectively. Sugar maple den-
sity was significantly greater than that of yellow birch (P < 0.05)
except in large gaps with vegetation control, in which case the two
species did not differ either without liming (P = 0.217) or with lim-
ing (P = 0.065). The magnitude of the difference between the two
species varied among treatments (Fig. 3a). The smallest differences
were observed in large gaps because of the combined tendency for
sugar maple density to decrease with increasing gap size, and for
yellow birch density to increase with increasing gap size.
3.2.2. Mean annual leader increment
The mean annual leader increment of sugar maple increased
with increasing gap size and vegetation control, but this increase
varied with liming (Table 3). Liming increased leader increment
only in small gaps with competition (Fig. 4a and b). The mean
Fig. 3. Compa
estimates (±1
respectively; t
letters withinrison of (A) mean density averaged from four micro-plots, (B) mean annual leader incr
SE) between sugar maple and yellow birch within the 12 combinations of treatments a
he first sign represents the liming treatment (+: with; −: without), the second the vegetati
each combination of treatments indicate significant differences between species based onement averaged from 2000 to 2002, and (C) Kaplan–Meier survival
nd the control (CT). S, M, L stand for small, medium and large gaps,
on control treatment (+: weeded plots; −: unweeded plots). Different
Welch ANOVA in (A) and (B), and univariate survival analysis in (C).
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size and liming for sugar maple without vegetation control (A) and
n control (B); and for yellow birch whether vegetation control was
(C); and as a function of gap size and vegetation control for yellow
liming was applied or not (D). Different letters within each gap size
cant differences between treatments.
er increment of yellow birch increased with increas-
, but this increase varied with liming and vegetation
le 3; Fig. 4c and d). Liming significantly reduced leader
n medium gaps, but not in small and large ones (Fig. 4c).
control increased leader increment inmediumand large
t in small ones (Fig. 4d). The mean annual leader incre-
low birch was greater than that of sugar maple in all
(P < 0.05), except in large gaps with liming and compe-
Fig. 5. Surviva
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getation control (C) and with vegetation control (D). Kaplan–Meier
ates (±1 SE). Different letters within each gap size indicate signifi-
s between treatments. *Significant (p < 0.05) or marginally significant
the statistical test used: Log-Rank or Wilcoxon.
in the control, in which cases the two species did not
.150, and P = 0.322, respectively; Fig. 3b).
val
ival of sugar maple was generally lower in small gaps
ium or large gaps, but the effect of gap size varied some-
ding on liming and vegetation control (Table 3; Fig. 5a
ing decreased very slightly the survival of sugar maple
s, but not in small or medium gaps (Fig. 5a). Vegeta-
l had a positive effect on the survival of sugar maple in
edium gaps, but not in large ones (Fig. 5b). The sur-
low birch was generally greater in medium gaps than
d large ones, but the effect of gap size differed some-
nction of vegetation control and liming (Table 3; Fig. 5c
competition, liming augmented survival in small gaps,
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did not have any effect in medium gaps, and decreased survival in
large gaps (Fig. 5c). With vegetation control, liming did not change
survival in small and large gaps, but reduced it slightly in medium
gaps (Fig. 5d). In general, survival was high, ranging from 0.61 to
0.98, and di
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ignificantly lower than that of sugar maple: in limed
ps with vegetation control (P = 0.006) and in limed large
ompetition (P < 0.001) (Fig. 3c).
gar maples died during the dormant period and more
hes during the growing period than expected by chance
The odds of dying during the dormant period compared
ing period were 2.72 for sugar maple and 1.27 for yellow
dds of dying during the dormant period were 2.14 times
ugarmaple than foryellowbirch (witha95%confidence
ned by 1.37 and 3.35).
on
affecting yellow birch and sugar maple regeneration
dy illustrates how multiple interacting biotic and abi-
can affect the regeneration dynamic of yellow birch
aple in openings of various sizes. It demonstrates why
an arise from studies that investigate only a single
d set of factors to explain the regeneration dynam-
two species. Our results clearly show that variation
growth and survival of these two species is not sim-
ion of their reported shade tolerance and of the gap
ch they regenerate. This is illustrated by the fact that
ays affected the density, growth or survival of these
ddition to or in interaction with at least one other fac-
cted, sugar maple was ubiquitous at our study site
birch was also relatively abundant. Nevertheless, sugar
yellow birch showed two opposite patterns of density
radient of gap size. While sugar maple was more abun-
ll and medium gaps than in larger gaps, yellow birch
bundant in medium and large gaps than in small gaps.
ensity of sugar maple in larger gaps is likely related to
amount of disturbance caused by machinery operations
est and drastic changes in environmental conditions
y following the creation of large gaps, which may have
e mortality of existing juvenile sugar maple. On the
the lower density of yellow birch in small gaps is likely
a lower establishment in small compared to larger gaps
ower proportion of disturbed forest floor in small gaps;
hardwood leaf litter is unfavorable to yellow birch
nt in northern temperate deciduous forests (Erdmann,
rson et al., 2001).
ory vegetation was relatively well-developed 6 years
ting, and significantly reduced both light near the for-
d nutrient availability (e.g. nitrate), especially in larger
therefore not surprising that weeding increased the
n density of both sugar maple and yellow birch, but
ude of the response differed between the two species.
aple, leaving the competing vegetation intact led to
rate reduction in regeneration density (33%) compared
plots, whereas for yellow birch the regeneration den-
d by 67% in the presence of competing vegetation. This
en though understory vegetation cover above yellow
wer than above sugar maple. Such results might indi-
gar maple, being more shade tolerant, is less affected
birch by the presence of competing vegetation. Our
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may be due to their study having been performed in
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have a beneficial effect for sugar maple regeneration
ain opening size, but become detrimental in very large
rted elsewhere (Logan, 1965; Beaudet and Messier,
d et al., 2003; Delagrange et al., 2004), we also found
birch had a higher height growth rate than sugar maple
izes. Since most yellow birch regeneration establishes
formed gaps (McClure et al., 2000), faster growth of
lished yellow birch seedlings gives them the ability to
d possibly outgrow sugar maple in a few years, even
elatively low light conditions that prevail in small gaps
r maple was most likely present as advance regenera-
and Gardescu, 1998; McClure et al., 2000). Both species
eir leader increment with increasing gap size, particu-
competing vegetation was reduced. Increased light and
t availability (nitrate and magnesium), particularly in
and when competing vegetation was reduced, likely
portant role in explaining the increased growth rates.
aple and yellow birch had relatively high and similar
es across all treatments. Although the relatively high
e of yellow birch in all gap sizes, including the smallest,
ry to our expectations, such results are in agreement
venile survivorship functions reported by Kobe et al.
latter only predict a higher probability of mortality
irch compared to sugar maple below 2–3% of full sun-
study, the lowest light levels measured near the forest
.5 and 2.5% of full sunlight in control plots and in small
ompetition, respectively. Walters and Reich (1996) also
t yellow birch survival was inferior to that of sugar
%, but similar or superior at 8% of light availability.
et al. (2004) observed that saplings of both species had
al ratesunder low light levels (0.5 to16%of full sunlight).
ur results confirm recent studies that show both yellow
ugar maple juveniles can persist in low light condi-
nnot exclude the possibility that yellow birch seedlings
ysiologically stressed and at risk in the short run as the
re increasing in size relatively quickly (Delagrange et
aucher et al. (2005) found that yellow birch seedlings
arbohydrate concentration than sugar maple seedlings
ight conditions (1–18% of full sunlight), possibly reduc-
l during periods of biotic or abiotic stress (Myers and
07).
to our expectations, the liming treatment generally did
e the density, growth or survival of sugar maple and yel-
n fact, liming had no or very little effect depending on
and variable under study. We spread an equivalent of
f lime, which provided an equivalent of 180 kg/ha of
amended plots. Although the amount of lime spread in
as low compared to some other studies (e.g. Long et al.,
application rate was within the range reported by Côté
400–800 kg/ha, andcanbeconsideredamoderate appli-
e (<1500 kg/ha) as recommended by Pagé et al. (1990).
e is a relatively nutrient-demanding species (Ouimet et
nderson et al., 2001) and the absence of liming effect, as
this study, suggests that calcium and magnesium were
on the site. The high density of pre-established sugar
lings on the site (almost 200,000 individuals ha−1 in the
o suggests that soil properties were not limiting maple
n and establishment.
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4.2. Silvicultural implications
In terms of silvicultural implications, our results indicate that
in forest sites similar to the one under study, creating openings
of various s
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